Abstract-A new class of junction field-effect transistor (JFET) circuit is introduced, which can serve as a simple versatile building block in instrumentation applications. Economical realizations of current-tovoltage converters, voltage-controlled voltage sources, and voltagecontrolled current sources are described. The basic circuit building block, called-the piggy-back pair, consists of a matched pair of JFET's and two resistors. The basic configuration is easily manipulated to realize various circuit functions when combined with a few other components. It is shown that by full utilization of the terminal properties of JFET's, many simple high-performance circuits can be designed, which have circuit functions determined essentially by resistor ratios and which accordingly are relatively insensitive to device parameters. The circuit design procedure is very straightforward with design limitations clearly indicated. The flexibility and versatility of the piggy-back pair is indicated by the wide range of circuits demonstrated.
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II. CIRCUIT DESCRIPTION
First, the detailed operation of the basic circuit building block will be outlined. Following this will be a description of various circuit configurations using this building block to implement black box characteristics. Some test results will be included.
A. Piggy-Back Pair
The piggy-back pair consists of two matched JFET's Qi and Q2 (n channel for the purposes of discussion) and two resistors, R1 andR2 as shown in Fig. 1 .
To analyze the circuit, consider the input grounded. Qi and R1 establish an operating current level of I1, where II = VGS1R1 (1) I. INTRODUCTION CIRCUIT designs employing junction field-effect transistors (JFET) are often unimaginative in that JFET's are used essentially as direct replacements for bipolar transistors. Usually only a simple advantage is taken of the high input resistance of the JFET while depletion mode operation is generally considered a disadvantage to be tolerated. It is the purpose of this paper to present a class of circuits that use to considerable advantage three properties of JFET's, namely, (1) high input impedance, (2) depletion mode of operation, and (3) source to drain impedance transformation. A further advantage of the class of circuits to be introduced is that the troublesome temperature effects of JFET's can in general be eliminated or at least minimized.
The basic circuit building block upon which this treatment is based has been called the "piggy-back pair." Various combinations of this basic configuration accompanied by a limited number of other components can be used to economically implement various circuits including 1) ultralow-level current to voltage converters, 2) voltage-controlled current sources, and 3) voltage-controlled voltage sources. The circuits to be described have applications in the general area of instrumentation particularly in the fields of nuclear and biomedical electronics [1] . They are also of interest in the active circuit area as extremely low-level high-impedance synthesizing gain blocks. These gain blocks offer the advantages of low power consumption together with the possibility of extremely high-impedance circuits in which very small capacitors can be used. All circuits are compatible with thin-film hybrid circuit technology. 
Assuming that Qi and Q2 remain matched over the current range of interest [2] it can be seen that the signal transfer [3] . VGSZ is then determined using (2) for which the value of R 1 is given simply as In summary, the piggy-back pair displays the following characteristics.
1) It has an inherent high input impedance (> 109 2) and a low input offset or bias current (< 10-9 A).
2) The gain is given by a resistor ratio.
3) The output is dc level shifted. 4) The circuit can be temperature stabilized. 5) The output impedance is relatively low compared to JFET input impedances, though not in absolute value.
III. LOW-LEVEL CURRENT -TO-VOLTAGE CONVERSION A problem facing the instrument circuit designer is that of providing an economic but accurate means for measuring ultralow-level currents (defined for present purposes as any current less than 1.0 ,jA.' For many purposes the current should be amplified or converted to a voltage where standard instruments including chart recorders and A/D converters can be used to monitor its amplitude.
A possible method for measuring low-level currents is to use an operational amplifier in one of two different configurations. The first direct approach is to use a noninverting amplifier to amplify the small voltage produced by passing a current through a resistor. This resistor must be 100 times smaller than the output impedance of the current source (including cable resistance) for 1 percent accuracy. Under these conditions the voltage signal that is to be amplified is typically in the range of the input offset voltage of low-cost amplifiers and reliable operation is difficult.
A second possible configuration involves passing the current into the negative input of an inverting feedback amplifier, with the feedback resistor used to convert the current to usable voltage levels at the output. The limitation of this method is that the input offset current must be much smaller than the current level to be measured. This restriction normally also eliminates low-cost amplifiers.
Two economical solutions to this problem are presented here. All of the circuits introduced are based on providing several stages of current to voltage conversion and voltage to current conversion through the use of the piggy-back pair. The impedance transformation properties of JFET's are used to provide gain.
A. Current-to-Voltage Converter
The first circuit is that shown in Fig. 2 . Transistors Q1 and Q2 are p-channel JFET's connected as a cascode pair. This configuration provides a very high output impedance at the drain of Q2 [4] Ro g=/gg (11) where go = output conductance of Qi and Q2 alone. The input impedance at the source of Q1 is relatively small compared to the output impedance at Q2 and can be approximated by Rin llgm. 
B. JFET Buffer
If the problem of output loading is encountered, a simple but elegant JFET buffer can be used without significant additional cost. The buffer circuit is illustrated in Fig. 3 . The buffer uses complementary n-channel and p-channel JFET's analogous to the class AB output stages found in many integrated operational amplifiers. This configuration is however self-biasing with the gates of Q1 and Q2 connected together to form the input node. The source of Q, is at +VGS1 and the source of Q2 is at -VGS2 . This means that the tap on the resistor R can be adjusted to give zero dc offset at the output. The standing current level is determined by R and the JFET parameters as may be seen by the simultaneous solution of (14)- (16) put impedance of the impedance transformer Q3 however, is not critical in the present circuit, due to common mode rejection at node 1 
The measured voltage transfer characteristic of this voltagecontrolled voltage source (VCVS) is illustrated in Fig. 5 .
D. Polarity Independent Current-to-Voltage Converter
A simple modification of the VCVS of Fig. 4 allows the implementation of a current to voltage converter with a bipolar current input. This circuit is illustrated in Fig. 6 .
The signal current is is converted to a bipolar voltage by the resistance Rin that is then fed to a biased voltage-controlled voltage source. To make a biased VCVS of the kind shown in Fig. 4 , a constant bias current I, is extracted from node 1. This is accomplished by the addition of Q6 and R6 as a con- These properties will provide a basis for judging the quality of the circuit implementation proposed. There are two types of VCCS's as illustrated in Fig. 8(a) 
Economical implementations of both types of VCCS's utilizing JFET piggy-back pairs will now be introduced. An application of these circuits as active network building blocks will also be presented along with experimental results.
A. Positive VCCS
The first circuit of the class above is that of the positive polarity VCCS as illustrated in Fig. 9(a) . output pair to provide for a signal voltage inversion. The output stage is now an n-type pair operating in exactly the same fashion as the p-type pair in Fig. 9(a) . The 
Measured and computer-calculated results are shown in Fig. 10 .
B. Negative VCCS The circuit for the negative-polarity voltage-controlled current source is illustrated in Fig. 9(b Fig. 10 indicates. To achieve larger currents while still maintaining linearity, bifets must be employed in the output pair. 4) The input bias current is the leakage of a reversed biased p-n junction and is typically less than lnA at 250C.
5) The output offset current can be eliminated by a trimming resistor in the output stage.
6) Temperature stability can be attained by thermal coupling of the matched JFET's and by operating them at their zero temperature coefficient point.
D. Circuit Application
The particular application investigated was that of an economical active bandpass filter for low frequencies. A gyrator was implemented using the VCCS's to produce an active LC resonant circuit (Fig. 11) [5] . Such an implementation requires only 10 JFET's. Q approaching 100 over the frequency range of 10 Hz to 1 kHz were obtained for signal voltages up to 8 V peak to peak. The value of Q is dependent however on the value of the conversion resistor as illustrated in Fig. 12. V. CONCLUSIONS A new class of JFET circuits are introduced, which employ the basic circuit configuration herein called the piggy-back pair. The design of this set of circuits was based primarily on the exploitation of all the inherent characteristics of JFET's namely their high input impedance, their depletion mode of operation and their impedance transformation from source to drain. Circuit implementations of low-level current-to-voltage converters, voltage-controlled voltage, and current sources are discussed. The use of these circuits as building blocks in such areas as instrumentation systems and active network design is presented to indicate their wide range of application.
